Abstract Particular interest has been given to the selforganized titania nanotube TiO 2 thin films prepared by using anodisation method followed by annealing in the air, while the CdSe layer was potentiostatically electrodeposited onto the TiO 2 nanotube films at various pH. The resulting films were studied by using energy dispersive X-ray spectroscopy, X-ray diffraction, field emission scanning electron microscopy, UV-Vis spectroscopy and photoelectrochemical analysis to characterize their compositional, crystalline structure, surface morphological, optical, and photoconversion efficiency characteristics. The resulting CdSe/TiO 2 nanotube exhibits significant enhancement in optical absorption, photocurrent density and photoconversion efficiency. CdSe/TiO 2 nanotube prepared at pH 3 exhibited the highest photocurrent density of 2.13 mA cm -2 and photoconversion efficiency of 1.02 % which is 51 times higher than TiO 2 nanotube array. This may due to the formation of CdSe nanocrystals which were well crystallized and bonded with TiO 2 NTAs contributing to the enhanced photoresponse and photostability of the overall performance of CdSe/TiO 2 NTAs heterostructures.
In recent years, TiO 2 nanotube arrays (NTAs) have received increased attention due to their superior performance in photocatalysis [1, 2] and water photoelectrolysis [3, 4] as well as acting as gas sensors [5] , materials applied in environmental purification [6] and dye-sensitized solar cells [7, 8] . However, the wide band gap of 3.2 eV restricts the photoactivation of TiO 2 to only ultraviolet region with the wavelength below 390 nm of the solar spectrum and depresses vastly the utilization of solar power. Various strategies have been designed to extend the optical absorption into the visible-light region, including doping TiO 2 with a metal or nonmetal [9] and coupling with organic dyes or incorporation with narrow band gap semiconductors such as CdS [10] [11] [12] , CdSe [13, 14] and CdTe [15, 16] . Among these strategies, CdS-TiO 2 nanotube arrays have attracted significant attention because CdS nanoparticles are known as promising semiconductor quantum dots with narrow band gap, and the photoresponse can be modulated in the visible-light spectrum by controlling their size. Besides, CdS and CdSe are used as sensitizers when combined with other semiconductors in photocatalysis and solar cell applications. For example, when CdS or CdSe is combined with TiO 2 , ZnS, ZnO or CdO, an enhancement in their photocatalytic performance and optical absorption property were observed [17] [18] [19] . Various methods so far adopted for the preparation of CdSe include electrodeposition, chemical bath deposition (CBD), and successive ionic layer adsorption and reaction (SILAR) [20] [21] [22] . However, direct deposition methods such as CBD and SILAR have limited the application in coating on substrates. Applying these two methods to nanotubular morphology may have resulted in the formation of nanocrystals around the tube mouth rather than along the length of the tube as a result of surface roughness. Moreover, the preparation steps are rather time-consuming which is not suitable for practical applications. Electrochemical deposition is a promising method for large-scale fabrication of nanomaterials owing to its simplicity, template-free nature, low cost, and environmental friendliness [23] . This method offers accessible control over all the reaction factors as well as provides good bonding between the semiconductors. Herein, we report a time-efficient electrochemical process in synthesizing CdSe/TiO 2 NTAs films by incorporating the one-dimensional (1D) TiO 2 NTAs with CdSe nanoparticles. The influence of the acidic bath at various pH towards the structural and photoelectrochemical properties of CdSe/ TiO 2 NTAs heterostructure is investigated.
Experimental

Preparation of TiO 2 NTAs film
Ordered TiO 2 NTAs were prepared in 0.5 % NH 4 F solution applying the following typical procedure. Firstly, Ti foil (0.127 mm, 99.7 % purity) was cut into pieces of 1 9 2 cm 2 . Then, the pieces of Ti foil were subjected to chemical decreasing, and sonicating in acetone, isopropanol and deionized water (DI) followed by etching in 6 M HNO 3 . They were then rinsed with DI water and dried in air. Anodic oxidation of TiO 2 NTAs on Ti foil was performed in a two-electrode cell with Ti foil acts as the working electrode, while the high density graphite as the counter electrode (with 2 cm distance from the working electrode) and 0.5 wt% NH 4 F dissolved in anhydrous ethylene glycol, EG (99.8 % purity, initial water content \0.03 wt%, Fisher Scientific) with 5 vol% water solution as the electrolyte. The two-electrode cell was connected to a DC power supply and subjected to a constant 40 V anodic potential for 60 min at room temperature. Then, the samples were rinsed with deionized water. The resulting samples were heated with a heating rate of 2°C min -1 and annealed at 500°C for 2 h in air atmosphere in order to oxidise the tube walls to appropriate crystalline phase [24] .
Deposition of CdSe nanoparticles onto TiO 2
NTAs (CdSe/TiO 2 NTAs)
CdSe nanoparticles were deposited onto the annealed TiO 2 NTAs by using an electrochemical method at a constant potential in a typical three-electrode system with the prepared TiO 2 nanotube as the working electrode, saturated Ag/AgCl as the reference electrode and Pt wire as the counter electrode. The electrolyte solution was prepared by dissolving 5 mM of SeO 2 , 0.02 M of CdCl 2 2.5H 2 O and 0.02 M Na 2 SO 4 (supporting electrolyte) in 100 mL of deionized water followed by adjusting the pH value to 1.0, 2.0, 3.0 and 3.3 by drop wise addition of 1 M HCl. Electrodeposition time was set at 1800 s while the electrodeposition voltage was fixed at -0.7 V. The prepared CdSe modified TiO 2 NTAs was washed several times with DI water upon deposition, and then dried in air.
Material characterizations of CdSe nanoparticles onto TiO 2 NTAs (CdSe/TiO 2 NTAs)
The morphology of the synthesised CdSe/TiO 2 NTAs were obtained from field emission scanning electron microscopy (FESEM, JOEL JSM-7600F, Japan) while the elemental analysis was conducted using the energy dispersive X-ray (EDX) spectrometers. The crystal structure of the samples was determined by using X-ray diffractometry (Panalytical X, Pert Pro MPD diffractometer by using CuKa radiation, k = 1.5406 Å ). The absorption spectra of CdSe/TiO 2 NTAs was recorded using UV-visible diffuse reflectance spectrophotometer (UV-DRS, Vary 300, USA) and the photoelectrochemical response of samples was conducted using a three-electrode photoelectrochemical cell with CdSe/TiO 2 NTAs as the working electrode, Ag/AgCl as the reference electrode and Pt wire as the counter electrode. The measurements were performed in 0.01 M Na 2 S by using a linear sweep voltmetery (Autolab PGSTAT204/ FRA32M module) to control the potential and record the corresponding photocurrent at the scan rate of 20 mV s (Fig. 1a, b, c, d , e). Figure 1a shows the well-aligned NTAs with pore diameter in the range (60-90) nm formed vertically from the Ti foil substrate. TiO 2 NTAs may serve as the active sites or platform to deposit nanocrystals and able to promote unidirectional charge transport due to the one dimensional feature of the NTAs. It can be observed that the amount of CdSe deposited with 'mulberry-like' structure (Fig. 1b) decreases as the pH value increases. Moreover, the aggregated CdSe nanoparticles formed larger spherical particles upon electrodeposition at pH 2 as depicted in Fig. 1c . As observed in Fig. 1d , the CdSe nanoparticles were dispersed uniformly on the tube mouth of the TiO 2 NTAs at pH 3.0 and some CdSe nanoparticles were found to have embedded into the TiO 2 NTAs. However, CdSe nanoparticles prepared at pH 3.3 became larger than CdSe synthesized at pH 3 and was found to be partially covering the tube mouth of TiO 2 NTAs as displayed in Fig. 1e . CdSe/TiO 2 NTAs synthesized at pH 3.0 exhibits the smallest spherical nanoparticles of CdSe with the mean particle size of 22 nm. Thus, by tuning the pH of the electrodeposition solution, the desired morphology and particle size of CdSe can be obtained. Besides, the EDX analysis shown in Fig. 2 demonstrates the compositions of the prepared samples. The average atomic percentage of Cd to Se is about 1:1. Figure 3 shows the XRD patterns of plain TiO 2 NTAs and CdSe/TiO 2 NTAs prepared at various pH values. Plain TiO 2 NTAs were polycrystalline in nature with the existence of anatase phase (Fig. 3a) while CdSe nanoparticles deposited via electrodeposition technique has hexagonal structure. CdSe/TiO 2 NTAs (Fig. 3b, c, d , e) have weak intensities of 2h values at around 25.4°, 42.3°and 49.8°t hat may attribute to CdSe (002), (110) and (112) with hexagonal structure (JCPDS: 01-77-0046). The intensity of CdSe peaks increases as the pH value decreases due to greater amount of CdSe nanoparticles deposited. Besides, the crystallite size of the synthesized samples can be calculated by applying Debye-Scherrer's equation as below [25] :
where D is the crystallite size, k is the wavelength of the X-ray radiation (CuKa = 0.15406 nm), h is the diffraction angle and b is the full width at half maximum. The diffraction peaks of TiO 2 (2h = 25.25°) and CdSe (2h = 42.3°) were selected for the calculation of the crystallite size. The crystallite size of TiO 2 is found to be 59.1 nm, while crystallite sizes of CdSe particles deposited at pH 1.0, 2.0, 3.0 and 3.3 are calculated to be 13.5, 10.8, 8.9 and 9 nm respectively. Sample CdSe/TiO 2 NTAs synthesized at pH 3.0 once again has proven that it exhibits the smallest crystallite size. Figure 4 shows the UV-DRS curves of TiO 2 NTAs and CdSe/TiO 2 NTAs at various pH values. It was found that the plain TiO 2 NTAs do not display any absorption of visible light at the wavelength above 400 nm whereas the electrochemical deposition of CdSe/TiO 2 NTAs displays remarkable extension of the absorption spectrum to the visible light region. The latter displays partial red-shift to the visible wavelength region due to the quantization effect that arises from the confinement of the charge carriers in the very fine CdSe particles. By decreasing the pH, larger amount of CdSe may have been produced and this has resulted in the enhanced absorption in the visible light region. In addition, the CdSe/TiO 2 NTAs exhibits broad absorption peak ranging from 400 to 800 nm, indicating that in this specific wavelength range CdSe is more photoactive and mainly responsible for the electron generation [26] . Figure 5 shows the band gap curves of TiO 2 NTAs and CdSe/TiO 2 NTAs prepared at various pH values. The absorption edge and band gap energy values are listed in Table 1 . It was found that as the pH value increases, the obtained energy band gap values increases. Samples prepared at different pH were found to exhibit larger energy band gap value than bulk CdSe (1.7 eV) [27] . Thus, it is proven that size quantization has affected the CdSe nanocrystallites of CdSe/TiO 2 NTAs.
UV-visible diffuse reflectance spectra (UV-DRS)
Photoelectrochemical (PEC) performance measurements
A comparison between the PEC performance of the plain TiO 2 NTAs and CdSe/TiO 2 NTAs was conducted in a three-electrode PEC cell under intermittent illumination. respectively. Therefore, the obtained photocurrent value of CdSe/TiO 2 NTAs synthesized at pH 3.0 is about 71 times higher than that of the plain TiO 2 NTAs (0.03 mA/cm 2 ). Figure 7 shows the current-time (I-t) curve of the prepared samples. It was revealed that CdSe/TiO 2 NTAs demonstrates higher current density than the plain TiO 2 NTAs. Moreover, the capability of CdSe/TiO 2 NTAs in generating greater photocurrent under intermittent illumination may indicate that the charge-transport properties of these samples are rapid [28] .
The photoconversion efficiency of light energy to chemical energy was calculated and presented in Fig. 6 by using the following equations [19, 29] :
where J P is the photocurrent density in mA cm -2 , I 0 is intensity of incident light in mW cm -2 and E 0 rev is the standard reversible potential which is 1.23 V (vs. NHE).
where E meas is the electrode potential (vs. Ag/AgCl) of the working electrode, which is measured under the illumination of light at different photocurrent, E aoc is the electrode potential (vs. Ag/AgCl) of the same working electrode measured at open-circuit condition under illumination in the same electrolyte solution. It was found that the photoconversion efficiency of plain TiO 2 NTAs exhibits the 
Conclusion
Electrochemical deposition was applied to synthesize CdSe/TiO 2 NTAs. The photoresponse of TiO 2 NTAs was considerably expanded into the visible area while the photostability was found to display enhancement with the incorporation of CdSe. It was proven that pH values of the electrolyte used in the electrodeposition process of CdSe onto TiO 2 NTAs played an important role in formation of CdSe. At the pH value of 3.0, homogeneous deposition of the CdSe nanoparticles has occurred on and within the TiO 2 NTAs, enabling CdSe and TiO 2 NTAs to bond more effectively, and therefore mediating the propagation and kinetic separation of photogenerated charges. As a result of this, maximum photocurrent density of 2.13 mA cm -2 and photoconversion efficiency of 1.02 % was displayed by CdSe/TiO 2 NTAs film prepared at pH 3.0 in the photoelectrochemical tests. In addition, CdSe/TiO 2 NTAs exhibits broad absorption peak ranging from 400 nm to 800 nm, and the band gap values exhibited by TiO 2 NTAs and CdSe/TiO 2 NTAs (pH 3.0) are 3.24 and 1.82 eV respectively. Preparation of CdSe by electrochemical method has improved and enhanced the photovoltaic properties of the TiO 2 NTAs. Thus, the synthesized CdSe/ TiO 2 NTAs films may serve as promising materials for potential application in solar cells.
